In the present study, Ni content dependence of martensitic transformation behavior in Ti 50¹x Ni 40+x Cu 10 alloys (x = 0.03.0) was investigated, and then the superelastic behavior of a x = 2.4 alloy was examined at low temperatures. The Ti 50¹x Ni 40+x Cu 10 alloys are in B2 single-phase up to x = 2.4 at 1373 K. The B2/B19 and B19/B19A transformation temperatures decrease with increasing x and the lowest martensitic transformation starting temperature of 125 K was detected. In the alloys with Ni compositions over x = 1.4, a pre-martensitic "intermediate" phase was detected by thermoanalysis measurements. While the middle eigenvalue 2 is close to 1.0, which was found to be independent of the Ni content, the thermal hysteresis, T hys increases with increasing Ni content. This is explained by the drastic decrease in transformation entropy change. Although starting to drastically increase at temperatures below 100 K, the temperature dependence of stress hysteresis in compression testing is basically smaller than that in Ti 48.2 Ni 51.8 binary alloy.
Introduction
Ti-Ni shape memory alloys (SMAs) are widely used for industrial and medical applications due to their good shape memory properties, mechanical properties and corrosion resistance. The addition of a third element into Ti-Ni binary alloys has been used to change the martensitic transformation temperatures. For example, Ti-Ni-Pd and Ti-NiHf systems, where Pd and Hf substitute for Ni and Ti, respectively, have been reported to increase the martensitic transformation temperatures. 13) On the other hand, lowtemperature SMAs are expected to be useful for applications in cryogenic equipment. However, there have been fewer research studied on this aspect than those on high-temperature SMAs.
46)
Recently, Niitsu et al. reported that the Ti 48. 2 Ni 51.8 alloy shows superelastic (SE) behavior in the low temperature region of 40 to 180 K. 7) However, the stress hysteresis (· hys ) was found to drastically increase at temperatures below 140 K.
In order to obtain a reduced · hys at low temperatures, this research references the geometric non-linear theory for martensitic transformation (GNLTM). 8) Ball et al. found that the condition of 2 = 1 is required for a minimized thermal hysteresis (T hys ), where 2 is the middle eigenvalue of the transformation stretch tensor U. This condition represents the presence of an invariant plane between the parent phase and the martensite phase. Ball et al. stated that the decrease of T hys is due to the reduction of interface energy between the parent phase and the martensite phase. 8) Cui et al. reported that T hys also depends on this condition in the Ti-Ni-Cu system. 9) Furthermore, a small T hys has been found in a 10.0 at% Cu alloy when 2 becomes almost 1.0. 10) Therefore, in this research, we focused on the Ti 50¹x Ni 40+x -Cu 10 alloys expecting a small · hys at low temperature.
However, the martensitic transformation temperatures in Ti 50 Ni 50¹x Cu x alloys are too high to be used as low temperature superelastic alloys. With the substitution of Cu for Ni, the Ti-Ni-Cu alloys are known to show a two-step martensitic transformation, i.e., from B2 (CsCl-type, Pm " 3m) to B19 (AuCd-type, Pmma) and then to from B19 to B19A (TiNi-type, P2 1 /m). The martensitic transformation temperatures associated with the B2/B19 transformation increase with increasing Cu content, whereas those of B19/B19A decrease. 11) However, the B2/B19 martensitic transformation temperatures decrease with increasing Ni content in Ti 50¹x -Ni 42+x Cu 8 alloys (¹1 < x < +1).
12) Therefore, it can be expected that an increase of Ni composition in the Ti 50¹x -Ni 40+x Cu 10 section can effectively lower the B2/B19 martensitic transformation temperatures, and the SE may be realized in this section. Moreover, Choi et al. and Fukuda et al. reported that a broad peak was observed in the temperature range between 180 and 200 K in Ti 50 Ni 44 Fe 6 alloy, which arises from the precursor phenomena of martensitic transformation and was termed "Incommensurate/commensurate transition (IC/C transition)". 13, 14) This study covers the phase transformations of B2/B19, B19/ B19A, B2/I (precursor state or intermediate phase) and I/B19. For simplicity, symbols are assigned to represent these phase transformations, as listed in Table 1 .
Experimental Procedure
Ti 50¹x Ni 40+x Cu 10 (at%) (x = 0.03.0) alloys were prepared by arc melting in an argon atmosphere. The ingots were solution treated at 1373 K for 1.8 ks and then quenched into
+1
This Paper was Originally Published in Japanese in J. Japan Inst. Met. Mater. 79 (2015) 434440 (from Sec. 3.1 to Sec. 3.4). Niitsu Kodai was added as a co-author for his contributions to Sec. 3.5 and Sec. 3.6. Here, the experimental data used are basically the same as those in the original paper, but reanalysis has been performed for them and the most figures and tables presented in the original paper have been modified in order to show the obtained results more precise and obvious. Only the DSC curve (Fig. 4 Ni = 41.2) in the original paper is replaced with the new one (x = 1.2 in Fig. 1(b) ), because the small peak associated with IC/C transition could be hardly detected by recent our re-examinations. The reason of the difference is unknown so far.
ice water. The microstructures of specimens were examined using a scanning electron microscope (SEM, JEOL JXA-8100). The compositions of the specimens were determined using an electron probe microanalyzer (EPMA). Martensitic transformation temperatures were measured using a differential scanning calorimeter (DSC, Seiko SSC/5200) at a cooling/heating rate of 10 K·min ¹1 and electrical resistivity (ER) by using the physical property measurement system (PPMS, Quantum Design) with four-probe method at a cooling/heating rate of 2 K·min ¹1 . The entropy change (¦S) during these phase transformations was calculated from the results of thermoanalysis by a high-resolution DSC (Netzsch DSC 204 F1 Phoenix) at a heating rate of 10 K·min ¹1 . Crystal structures and lattice constants of the parent phase (a B2 ) and the martensitic phase (a B19 , b B19 , c B19 ) were measured in bulk samples using an X-ray diffractometer (XRD) using Cu-K¡ radiation in the temperature range between 133 and 353 K. Compression tests were performed to investigate the SE behavior in the temperature range between 50 and 200 K.
Results and Discussion
3.1 Martensitic transformation behavior in Ti-Ni-Cu alloys The B2 single phase was confirmed up to x = 2.4 by microstructure observations using backscattered electrons. For x = 2.6 and above, B2 and a (Cu, Ni) 2 Ti 12) two-phase microstructure was observed. The composition of the (Cu, Ni) 2 Ti phase was estimated as (Cu 0.36 Ni 0.48 ) 2 Ti by the results of EPMA (not shown). In this research, the Ni composition dependence of martensitic transformation temperatures was investigated in the B2 single-phase region.
Figure 1(a) shows typical DSC curves using a conventional DSC. The martensitic transformation temperatures, i.e., the forward transformation starting and finishing temperatures, T Table 2 . As shown in Fig. 1(a) , while the DSC peaks for M transformation become unobvious for x ² 1.0 alloys, the O and M transformation temperatures decrease with increasing Ni content. Furthermore, for x ² 1.4 alloys, some fluctuations in the DSC curves were observed at about 250 K, as indicated by two-headed arrows in Fig. 1(a) . For a better understanding of this behavior, a high-resolution DSC was used to measure the heating stages. Figure 1(b) shows the results of the high-resolution DSC. It is seen that broad peaks (shown as T I peak for the peak temperatures) were observed near 230 K for alloys of x ² 1.4. In this research, the state below T I peak is termed the "Intermediate phase (I phase)". We assume the broad peaks in the present research correspond to the earlier reported IC/C transition. 13, 14) Furthermore, 1/3{110} B2 diffuse scat- tering which suggests IC/C transition such as in Ti-Ni-Fe alloys 13, 14) was confirmed by transmission electron microscopy (TEM). Details about the TEM observations are to be reported elsewhere. Based on this observation, the O transformation temperatures below the I transformation are denoted as O * , the results being listed in Table 2 . Figure 2 shows the temperature dependence of ER (μ). There are two types of ER changes observed in x = 0.03.0 alloys. That is, for x = 0.0, the ER curves show a small bending behavior at about 330 K due to the O transformation and an obvious change with a large thermal interval due to the M transformation, as previously reported.
11) With increasing Ni content, the ER change at the time of the M transformation become unobvious, while that at the O transformation becomes apparent. The I transformation temperatures cannot be precisely determined by ER measurement, as shown in Figs. 2(d) to 2(h). It can be seen that an abnormal increase of ER during cooling starts to appear at around T I peak in Fig. 1(b) , as shown by two-headed arrows in Figs. 2(d)(f ). This behavior is well known in the Ni-rich Ti-Ni binary alloys. 7) Therefore, the hysteresis below the temperature of T I peak is determined as O * transformation instead of O transformation. As shown in Figs. 2(i) and 2( j), the martensitic transformation temperatures for both O * and M transformations are defined as the intersection points between extrapolated lines in the differentiation curves (@μ/@T) obtained from the ER curves. ER changes associated with O * and M transformations were not detected for x > 2.0. As an example, the result of x = 2.2 is shown in Fig. 2 (h). The transformation temperatures determined by ER measurements are listed in Table 3 . Here, for x¯0.6, the transformation temperatures for O transformation could not be determined due to the small degree of ER change, as shown in Figs 
Choi et al. and Fukuda et al. reported that the IC/C transition exhibits a second-order-like transition from an incommensurate state to a commensurate state. 13, 14) However, the IC/C transition temperature from the B2 phase to the IC-state was reported to be very close to the R phase transformation temperature. 14) In this study, we make a rough estimation in which the latent heat was calculated from the peak area of I transformation in the DSC curve as performed for first-order transition. Figure 4 shows the Ni content dependence of ¦S i , these values being listed in Table 4 . As shown in Fig. 4 , ¦S i were found to decrease with increasing Ni content. As found by the DSC measurements shown in Fig. 1(a) , phase transformation successively occurs from B2 to the I phase and then from I to the B19 phase for x ² 1.4. Therefore, the total entropy change from B2 to B19 phase ¦S Total can be given by the sum of ¦S I and ¦S O*
. ¦S Total was found to be continuous against the Ni content with ¦S O ; however, a bending behavior was found on the boundary of x = 1.4. There are two possible reasons that may cause this behavior:
(1) If the resultant B19 phase is identical for all the alloys, ¦S I + ¦S O* should be thermodynamically equivalent to ¦S O . However, the temperature/composition dependence of ¦S is not necessarily linear. 7) Therefore, it is possible that the composition dependence of ¦S should form a mild convex curve, whereas it appears to be bending because of the scattered experimental data. Moreover, the estimation used to calculate ¦S I might be improper for an exact value of entropy change.
(2) If the resultant B19 phase essentially changes on the 
boundary of x = 1.4, bending of the total entropy change ¦S I + ¦S O* can be naturally expected. Nevertheless, as discussed in next section, no obvious change in the lattice constants of B19 was found and hypothesis (1) is considered possible for the bending behavior of ¦S.
Ni content dependence of lattice parameters of B2
and B19 phases The Ni-content dependence of lattice parameters was investigated by XRD measurement. Figure 5 shows the XRD patterns at different temperatures in the cooling process of x = 1.6 alloy. Although the intensities of (110) B2 and (200) B2 peaks do not decrease much with decreasing temperature, peaks of (002) B19 and (111) B19 were observed at 153173 K. Moreover, (202) B19 and (020) B19 peaks were clearly observed at 133 K. Although the I phase in x = 1.6 should exist in the temperature region from 225 to 260 K, as shown in Fig. 1(b) , no obvious change in the diffraction patterns was observed. The reason why the parent phase and martensitic phase coexist over a wide temperature range above and below the martensitic transformation is unknown so far.
Lattice parameters of the B2 and B19 phases were determined for other samples at specific temperatures where B2 (or I phase) and B19 coexist. Figure 6 shows the lattice parameters of B2 and B19 in relation to Ni content. The results are also listed in Table 5 . As shown in Fig. 6 , the lattice parameter of the B2 phase (a B2 ) decreases with increasing Ni content and the same tendency was also found for those of the B19 phase (a B19 , b B19 , c B19 ). The eigenvalue 1,2,3 ( 1 < 2 < 3 ) and det U can be calculated using
det U ¼ 1 2 3 : ð3Þ Figure 7 shows the Ni content dependence of 1,2,3 and det U, these values also being listed in Table 5 . As shown in Fig. 7 , 2 is almost independent of the Ni content and is revealed to be close to 1.0. Eigenvalues 1 and 3 decrease with increasing Ni content. The det U values were found to be greater than 1.0, which means a volume expansion with the formation of the B19 phase. Furthermore, det U decreases with increasing Ni content from about 2% to 1%.
Thermal hysteresis in O and O * transformations
In Fig. 8 , the Ni content dependence of T hys is plotted, T hys being defined as the width of the transformation hysteresis in the heating and cooling ER curves, as shown in Fig. 2(g) . It is clearly seen that the T hys increases with increasing Ni content, especially for Ni content higher than 41.4%, despite the constant value of 2 , as shown in Fig. 7 . In previous studies, it has been reported that T hys shows a very small value less than 10 K when 2 becomes approximately 1.0. 9, 10) Thus, it seems to be unusual that such composition dependence in T hys appears.
Here we present a thermodynamic discussion attempting to explain this behavior. The non-chemical driving force (¦G NC ) yielding supercooling in transformation is calculated as
where ¦T is supercooling from the thermodynamic equilibrium temperature, T 0 (= (T Ms + T Af )/2), and ¦T can be approximated as being 1/2 T hys . 15) The Ni content dependence of ¦G NC is plotted in Fig. 8(b) , together with the values of ¦S O and ¦S O* . As shown in Fig. 8(b) , with increasing Ni content, no obvious change of ¦G NC can be found, especially for x ² 1.4. With reference to eq. (4), it is apparent that the composition dependence of T hys is brought about by the decrease of ¦S i in the O or O * transformations, not by a drastic increase of friction against migration of habit plains during transformations. It is interesting to note that a step of ¦G NC appears at x = 1.4. This means that the friction during the interface movement from I to B19 phases is relatively lower than that from B2 to B19 phases. Further examinations are required to prove this hypothesis. Figure 9 (a) shows the stress-strain curves measured in the 6 Lattice parameters of cubic B2 and orthorhombic B19 phases in Ti 50x Ni 40+x Cu 10 alloys. The lattice parameters were determined at specific temperatures where B2 (or I phase) and B19 coexist. The lattice parameter of B2 phase (a B2 ) decreases with increasing Ni content and the same tendency was also found for those of the B19 phase (a B19 , b B19 , c B19 ). temperature range of 50 to 200 K for x = 2.4 alloy. The stress-induced forward transformation starting stress, · Ms , and the stress-induced reverse transformation finishing stress, · Af , and equilibrium stress · 0 (= (· Ms + · Af )/2) are plotted against the measurement temperature in Fig. 9(b) . The · Ms and · Af are defined as the crossing points of extrapolated lines. The · 0 was found to decrease with decreasing temperature. Although the stress-induced transformation (SIT) takes place at 50 K, the martensite phase remains after unloading due to the large · hys . On the other hand, the · Ms and · Af were clearly detected at temperatures above 100 K without drastic change in · hys . However, it is difficult to define the · Af below 100 K. Therefore, instead of the · Ms and · Af , another definition, which is defined as the stresses at ¾ = 0.35% in the loading and unloading curves, respectively, was used to determine the critical stresses · M and · P . As shown in Fig. 9(c) , the equilibrium stress · 0 A (= (· M + · P )/2) at ¾ = 0.35% decreases with decreasing temperatures. On the other hand, the slope of · 0 A becomes almost constant in the low temperature region. The relation between the · 0 A and temperature is represented by the Clausius-Clapeyron equation
Superelastic behavior at low temperature
where ¦S SIT , ¾ and V m are the molar entropy change between the parent and martensite phases determined by SIT, full recoverable strain and the molar volume, respectively. Since the uniaxial direction of x = 2.4 alloy had a weak 100 texture, ¾ was calculated to be 0.025 using the modified Taylor factor of 100 orientation, based on the Taylor model. 16) Substituting V m μ 8.25 © 10 ¹6 m 3 /mol into eq. (5), ¦S SIT is plotted in Fig. 10 . As shown in Fig. 10 , ¦S SIT decreases with decreasing temperature. Moreover, if slight modification in composition is allowed for the plot in , instead of inflection, at around 230 K. Thus, it is concluded that the anomaly of the temperature dependence on entropy change in Ni-Ti-Cu system results from the presence of the I phase. Figure 11 shows the temperature dependence of half of the stress hysteresis, · hys /2 (= (· M ¹ · P )/2). It was found that · hys shows a drastic increase when the temperature is below 100 K. With analogy to Seeger's theory, 1921) Niitsu et al. reported that the temperature dependence of stress hysteresis could be well fitted using
Stress hysteresis in superelasticity
where · TA (0) and · ® are the thermal activation and the athermal terms, respectively. The values of p and q are fitting parameters related to the shape of energy barrier against migration of habit plains. T TA is the critical temperature at which the thermal activation term disappears. As shown in Fig. 11 , the experimental results are well fitted with p = 1/2, q = 3/2, · ® = 66 MPa, · TA (0) = 628 MPa and T TA = 163 K by use of eq. (6). The combination of p and q is the same as that of Ti 48.2 Ni 51.8 alloy, and the value of · ® was found to show no significant difference from that of the binary alloy.
7)
However, T TA and · TA (0) are apparently lower than those of binary alloy. 7) Thus, for x = 2.4 alloy, · hys is lower than that of Ti 48.2 Ni 51.8 alloy in the whole temperature range below about 200 K, though equivalent in the higher temperature range.
Conclusions
In the present study, Ni content dependences of transformation temperatures and the entropy change in martensitic transformations appearing in Ti 50¹x Ni 40+x Cu 10 (at%) (x = 0.03.0) alloys were investigated and the superelastic behavior at cryogenic temperatures was examined. The following findings were obtained.
( ). A possible discontinuity of entropy change was found at about 250 K. Results for Ti-Ni binary alloys 7, 17) are also plotted. Solid lines are fitting curves by use of eq. (6). 7) Generally, the · hys found in this study is smaller than that in Ti 48.2 Ni 51.8 binary alloy. tween B2 and I phases was confirmed, and the middle eigenvalue 2 in the B2(I)/B19 transformation was found to be close to 1.0. The det U is slightly greater than 1.0. (5) The temperature hysteresis T hys (= T Af ¹ T Ms ) in the B2(I)/B19 transformation was found to increase with increasing Ni content and the composition dependence drastically rose in the I/B19 transformation in the higher Ni region. This phenomenon is explained by the drastic decrease of the ¦S in the I/B19 transformation region. (6) Superelastic behavior was detected in the temperature range from 70 to 200 K for the polycrystalline specimen with x = 2.4 and the stress-induced forward transformation starting stress, · Ms and reverse transformation stress, · Af at temperatures above 100 K were determined from the stress-strain curves. The data of ¦S estimated by the Clausius-Clapeylon relation from the ·-T phase diagram were consistent with those obtained by DSC measurement. (7) The stress hysteresis · hys (= · Ms ¹ · Af ) showed a drastic increase at temperatures below 100 K. The · hys found in x = 2.4 alloy was smaller than that in Ti 48.2 Ni 51.8 binary alloy in the whole temperature range lower than about 200 K.
